An improved backstepping control method for three-dimensional trajectory tracking of a midwater trawl system is investigated. A new mathematical model of the trawl system while considering the horizontal expansion effect of two otter boards is presented based on the Newton Euler method. Subsequently, an active path tracking strategy of the trawl system based on the backstepping method is proposed. The nonstrict feedback characteristic of the proposed model employs a control allocation method and several parallel nonlinear PID (Proportion Integration Differentiation) controllers to eliminate the high-order state variables. Then, the stability analysis by the Lyapunov Stability Theory shows that the proposed controller can maintain the stability of the trawl system even with the presence of external disturbances. To validate the proposed controller, a simulation comparison with a linear PID controller was conducted. The simulation results illustrate that the improved backstepping controller is effective for three-dimensional trajectory tracking of the midwater trawl system.
Introduction
Single-boat midwater trawl systems have occupied an important position in pelagic fisheries. These systems consist of a fishing vessel, two sets of warp and otter boards, a towing winch system, and a trawl net. The entire system is difficult to control because the length of the warp connecting the fishing vessel and the trawl net could be thousands of meters, and the warps and trawl net are flexible. Generally during fishing operations, the adjustment of the trawl system motion state primarily depends on the experience of the sailors. To improve the capture efficiency, the concept of automatic fishing is proposed, which utilizes a controller to track the trajectory of the trawl net based on the motion model of the entire system.
As a complicated underwater towing system, the dominant feature of a trawl system is the flexibility of the trawl net and warps. Park [1] assumed the trawl net shape from the wing end to the bag net to be an elliptic cone. The dynamics of the warps can be described by various mathematical models [2] [3] [4] . When the motion models of these subsystems are integrated as a whole, the system theoretically has infinite order, which means the trajectory tracking control is difficult to achieve. Hence, the motion mathematical model of the trawl system should be greatly simplified.
First, Umeda presented a first-order model and proposed an optimal method to realize the depth regulation of the trawl net [5] . Hu et al. proposed the control input for a depth controller by analyzing the motion of a midwater trawl system [6] . Then, the PID controller was developed. Johansen et al. considered the horizontal movement of the trawl system [7] . Reite and Sorensen installed and experimented with an actuator on the otter board to control the trawl depth [8] . The research employed a multiple PID controller to regulate the movement of the trawl net via the otter board [9] . Afterwards, several nonlinear models of the trawl system were proposed 2 Journal of Control Science and Engineering to improve the depth control accuracy. Lee et al. presented a fuzzy controller and provided experiment results [10, 11] . Zhou et al. proposed a robust optimal output tracking control method based on a T-S fuzzy nonlinear model that makes the trawl net rapidly follow the desired trajectory under model uncertainties and external disturbances [12, 13] . Furthermore, a great deal of research has been devoted to the trajectory tracking of underwater towed systems [14] [15] [16] [17] , which are similar to the depth control of trawl systems.
The trajectory tracking control of a trawl system is in three-dimensional space; therefore, in addition to the depth adjustment, the horizontal-position control of the trawl net is needed. Coordinated work between the tow winch and the ship motion control is required. The state space model of a trawl system could be high-order nonlinear. In this case, backstepping control is a common recursive design method in nonlinear control theory. This method can avoid the error caused by the linearization of a nonlinear system. This method has been widely used in the trajectory tracking control of complex underactuated systems. For ship tracking control, Fu et al. considered the trajectory tracking of a vessel with only the measurable position and heading angle, and the author designed a nonlinear backstepping observer controller [18] . For an unmanned underwater vehicle (UUV), Xu et al. proposed a trajectory tracking controller based on a backstepping method and proposed a virtual velocity error dynamic method instead of an attitude error dynamic method to avoid the singularity problem [19] . Wang et al. designed a path-following controller for UUV in threedimensional space through backstepping method and eliminated part of the nonlinear coupled terms for the simplification of the virtual control [20] . Zhu et al. combined a traditional backstepping model with a bioinspired neurodynamics model and developed a three-dimensional UUV-trajectory controller [21, 22] . For the Unmanned Aerial Vehicle (UAV), Khebbache proposed a control algorithm based on robust integral backstepping considering the actuator faults [23] . Fang et al. presented a double-loop control scheme and designed an adaptive backstepping controller for small-scale unmanned helicopters [24] .
In this paper, the trajectory tracking problem of a midwater trawl system in three-dimensional space is considered. Compared to the standard simplified model used in [12, 13] , a new simplified model to express the dynamics of the trawl system while considering the horizontal motion of two otter boards is presented. This new model can fully embody the horizontal expansion of the trawl net provided by the two otter boards. Subsequently, a three-dimensional trajectory tracking controller of the trawl system is proposed based on the backstepping control approach. Compared to the previous backstepping method, a compound nonlinear controller is adopted to solve the problem that decoupling is difficult for multiple high-order variables in the nonlinear trawl system. Based on the Lyapunov Stability Theory, the proposed control approach is proved with good robustness and stability under external disturbance. Finally, the effectiveness and superiority of the proposed control approach are illustrated by numerical simulation. 
Three-Dimensional Kinematic Model of the Trawl System
A trawl system is a combination of a rigid body and a flexible body. Generally, the motion of the trawl system in three-dimensional space should have 6 degrees of freedom. However, based on existing control theory, this trajectory tracking problem can hardly be solved. In addition, the position vector of the trawl net is the most important information in fishing operations. Hence, this work only considers the parallel motion in 3 degrees of freedom.
Previous researchers have proposed a simplified model to exploit the tracking problems of a trawl system within the vertical plane [12, 13] . In this work, the model has been improved for application to the space tracking problem. As shown in Figure 1 , the two otter boards, the vessel, and the trawl net are simplified into lumped mass points. These four mass points are connected through two warps and two sweeps.
For the purpose of reducing the amount of calculations, the simplified model is developed based on the Newton Euler method. The location of the model can be described by two coordinate systems, which are the earth coordinates ( , , ) and the ship fixed coordinates ( , , ). The warps and sweeps are considered to be elastic links. The tensions of these ropes can be calculated by Hooke's law.
The trawler movement can be described as -direction movement , -direction movement V, and yawing in the earth coordinates. The dynamic equations of marine vessels [25] are referenced, and the 3 DOF kinetic equations of the trawler can be written as
where = [ , , ] is the position vector of the trawler; and are the position vectors of the two otter boards; l and l are the lengths of the two warps, and they are also vectors. is the thrust of the vessel produced by the propeller and rudder, which is the control vector. 2 = /l is the elasticity coefficient of the port warp, and 2 is for the starboard warp. When deploying the warp, the warp material velocity and the boundary node velocity on the winch are inconsistent; this velocity contrast can generate a thrust force [16] . In this work, the warp is considered to be an elastic link; this thrust force can hardly be calculated. Hence we assume that the payout speed of the winch is slow enough so that the velocity contrast can be very low. Comparing with the large physical sizes of the whole system and a long simulation time (thousands of seconds), the thrust force caused by the velocity contrast of the warp and the winch can be ignored.
For the parameter matrixes, they can be written as
where , , and are the inertial matrix, the Coriolis force matrix, and the damping force matrix of the trawler, respectively. And they are all defined in the ship fixed coordinates ( , , ). The expressions of , , and can be found in [26] . ( ) is the coordinate transform matrix. It can be expressed as
The kinetic equations of the trawl winch on the port side can be expressed asl
] is the position vector of the port otter board.
is the rotational inertia of the winch, it can be written as = + 2 + ( 2 − 2 )/2 , and the meanings of these symbols can be found in Table 2. = is the output torque of the winch motor. and are the load pressure and the motor displacement, respectively.
is the damping coefficient of the winch, and is the tension of the warp. Since the warp is considered to be elastic link (refer to (1)), can be expressed as =
. is the radius of the roller. The otter board provides the expansionary forces to hold the horizontal width of the trawl net. Figure 2 is the schematic diagram of the otter board. Based on D' Alembert's principle, the kinetic equations of the otter board in the earth coordinates can be expressed as
] is the position vector of the trawl net. 1 = / and l are the elasticity coefficient and the length vector of the sweep, respectively. and are the equivalent mass and the gravity of the otter board, respectively. = 1/2 is the resistance coefficient of the otter board. is the fluid density, and and are the hydrodynamic coefficient and the area of the otter board, respectively. Obviously, the hydrodynamic performance of the otter board is decided by its attitude (attack and slip angles). Hence is varying with the movement of the otter board, but in order to simplify the calculation, a constant coefficient is used to substitute . And the added mass of the otter board is ignored since its physical dimensions are much less than the trawler. The equations of the two otter boards are basically the same.
Similar to the otter board, the kinetic equations of the trawl net can be expressed as
where and are the equivalent mass and the gravity of the trawl net, respectively. = 1/2 is the damping coefficient of the trawl net. Similar to , a constant coefficient is used to substitute . Thus, the three-dimensional kinematic model of the trawl system can be described by (1) , (4), (5), and (6). The state vector of this model can be defined as = [̇̇̇̇ll ll ]. The control inputs of this model contain the ship propulsion system and two trawl winches, which can be defined as = [ ]. Then, the state space equations of the trawl system can be expressed aṡ
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where and are the interference forces on the otter boards and the trawl net.
Three-Dimensional Trajectory Tracking Control Approach
The control objective is to make the trawl net move along the target trajectory, which is defined as 1 . There are 12 components in state vector ; thus, the virtual control inputs of all of the state variables can be defined as 2 ∼ 12 . Then, the tracking error of the trawl system can be written as
3.1. Controller Design. The midwater trawl system is a highorder nonlinear system. To obtain the control instruction of the whole system, the state space model is divided into six subsystems. The principle of system division is that the lower-order subsystem stabilization relies on the next higherorder subsystem. From the target trajectory 1 to the control instruction , the six subsystems are based on the dynamic equations of the trawl net, the two otter boards, the trawler, and the two trawl winches, respectively. Based on the physical relations of the six subsystems, Figure 3 shows the demand relationships of the key virtual control inputs. The Lyapunov functions, which are related to the control objectives, can then be built with the following steps.
Step 1. For the first subsystem, the Lyapunov function is given by
The time derivative of 1 iṡ
The virtual control inputs 2 can be defined as
where the control parameter 1 ≥ 0. Equation (11) is plugged into (10) , and the derivative of 1 iṡ
Step 2. For the second subsystem, the Lyapunov function is given by
The time derivative of 2 iṡ
The traditional backstepping method can only be applied to the strict feedback form of nonlinear systems. However, in (14) , the high-order state variable 5 appears. Thus a new variable is introduced, which is defined as = 3 + 5 . The new virtual control inputs can be embodied as
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where = 3 + 5 . The variables 3 and 5 are the ideal position vectors of the two otter boards. To deduce their expressions from , these two otter boards are assumed to move at the same depth underwater such that 3 = 0.5 and 5 = 0.5 in the -direction. In addition, assuming that the extension ratios of the ropes are consistent in three directions, the variables 3 and 5 in the -and -directions can be expressed as
Step 3. For the third subsystem, the Lyapunov function is given by
The time derivative of 3 iṡ
The two virtual variables can be defined as
where the control parameters 3 ≥ 0, 5 ≥ 0. Equation (20) is plugged into (19) , and the derivative of 3 iṡ
Step 4. For the fourth subsystem, the Lyapunov function can be defined as
The time derivative of 4 iṡ
In (23), the high-order state variables 9 and 11 appeared. Similar to Step 2, new variables can be introduced as
The corresponding virtual control inputs can be defined as
For one vector 7 , two expressions can be derived from (25) . Unfortunately, the tensions of the two warps are not equal when the vessel is turning, which leads to a conflict in solving 7 . Moreover, (25) is based on the physical interpretation of force and displacement; however, the physical interpretation of 7 is the -coordinate, thecoordinate, and the yawing angle of the vessel on the target trajectory. Therefore, the physical meaning of (25) in thedirection is not correct.
To obtain the high-order control outputs 7 , 9 , and 11 , a multiple nonlinear PID approach is adopted. Take 7 , for example; the trajectory tracking error of the trawl net can be used as control inputs. Then, the output of controller for 7 can be expressed as Control instruction u wz
Control instruction u wy
Control instruction u s where the control parameters are the nonlinear functions of 1 ( ). These time-varying parameters can be written as
where , , , , , , , , and are all positive constants.
Considering the physical significance of 9 and 11 , the deviation between the actual tension and the ideal tension of the warps can be used as control inputs. The controller outputs for 9 and 11 are similar to (27) .
Plugging the expressions of these variables into (23), the derivative of 4 can be found bẏ .
(28)
Step 5. 
where the control parameters 7 ≥ 0, and 9 ≥ 0, 11 ≥ 0. Plugging (31) into (30), the derivative of 5 is found aṡ
− 6 6 6 − 7 7 7 − 9 9 9 − 11 11 11
+ 11 12 .
(32)
Step 6. For the last subsystem, the Lyapunov function is written as
The time derivative of 6 is Journal of Control Science and Engineering
The controlled quantities of the trawler and two winches can be defined as
where the control parameters 8 ≥ 0, and 10 ≥ 0, 12 ≥ 0. Thus, the three-dimensional trajectory tracking controller of trawl system has been acquired.
Stability Analysis.
To indicate the trawl system stability under the bounded input signal and external environment disturbance, three disturbance terms are added to the state model. Then, the expressions oḟ2,̇4, anḋ6 in (7) can be rewritten aṡ
where , , and are the disturbing forces on the trawl net and two otter boards.
For the condition that nonzero bounded disturbances often exist in trawl system, the Lyapunov function can be defined as
According to the inequality 2 / ≤ (
2 /(4 ))/ , the time derivative of 7 satisfies the following inequality:
− ( 6 − ) 6 6 − 7 7 7 − 8 8 8 − 9 9 9 − 10 10 10 − 11 11 11 − 12 12 12
The definite integrals of (36) can be expressed as
where
Through (39) it can be seen that the tracking error is global uniform ultimate boundedness, and the state of the system converges to the origin of a small domain in the stable area in the presence of interference with an unknown upper limit.
Simulation Experiment
The simulation experiment was conducted based on the MATLAB/Simulink platform. The trawl system is assumed to move in the uniform flow. The parameters of the trawl system are listed in Tables 1 and 2.   8 Journal of Control Science and Engineering Considering that the trawler is turning to catch a fish school, a target trajectory of the trawl net is defined as Figure 4 shows the trajectory tracking of the trawl net when the approached control algorithm is adopted. It can be seen that the trawl net tracks the target trajectory of (40) displacements are much larger than those of the vertical displacement, mainly because the horizontal positions of the two otter boards have no direct relation with the trawl net, and the control inputs of the otter boards in the -anddirections are derived from assumption in (17) . Moreover, Figure 5 shows that the track error is cyclical; in a real-world situation, the large size of the trawl net can compensate for the tracking error in the horizontal directions. Figure 6 shows the trajectories of the two otter boards. It can be seen that the curved shapes are similar to the trajectory of the trawl net. This movement coordination between the otter boards and the trawl net is beneficial for system stability. Figure 7 illustrates the velocity curve of the trawler. Although the trawler has frequent speed changes, the velocity is in a reasonable range. The average speed is 2.6 m/s. Figure 8 presents the dynamic changes of the lengths of the two warps. The maximum and the minimum lengths of the two warps are reasonable and bounded. Figures 9 and 10 are the thrust change curve of the trawler and the torque curves of the winches, respectively. It can be seen that these control signals have varying degrees of trembles. Compared with the response times of the ship propeller (0.2 s∼1 s) and the winch (0.5 s∼2 s), these control signals are achievable.
To further illustrate the performance of the improved backstepping method and test the robustness and adaptive 
where = 0.3, = 0.35, and 3 = 0.1. When disturbing forces are exerted on the trawl system, the trajectories of the trawl net are produced by these two controllers, as shown in Figure 11 . Figure 11(a) is the simulation result of the linear PID controller, and Figure 11(b) is the simulation result of the improved backstepping controller. It can be seen that when the disturbing forces exist, the path deviation in Figure 11 (a) is significantly less than the deviations in Figure 11(b) , and the path deviation in the -direction is larger than the deviations in theand -directions. After the disturbing forces disappear, the path deviation is quickly eliminated under the action of the improved backstepping controller, whereas the control process of linear PID controller is very slow. By adjusting the PID parameters, the oscillating amplitude of the path curve cannot be eliminated effectively.
Conclusions
In this paper, a three-dimensional trajectory tracking control approach of a midwater trawl system is proposed. First, according to the actual working status of a single-boat midwater trawl system, a four-material-point simplified model is presented. Second, a compound nonlinear controller is designed, based on the backstepping method. In the process of recursion, the high-order state variables are gradually eliminated. The theoretical identification and simulation illustrate the effectiveness and convergence of the proposed control method. The movement consistency of the trawl net and otter boards is displayed. Under the action of an external disturbance, the depth displacement of trawl net is larger than the horizontal displacements. Compared with the traditional linear PID control method, the improved backstepping control strategy has higher control precision and stronger robustness. In the future, an experimental demonstration will be presented.
